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Abstract. We designedwo storagering modelsfor 6 dimensionalphasespacecooling of
intensemuonbeamfor the neutrinofactoryandthemuoncollider, by usingthe SYNCH code.
We demonstrat¢he 6 dimensionamuonphasespacecoolingwith thefirst 8 cell coolingring
modelby usingatrackingsimulationcode,|COOL, with distributedLithium lenseswith the 3
at 30 cm, wedgeabsorbersandRF cavities, with the muonmomentumat 500 MeV/c. Phase
spacecoolingis doneby thetrans\erseionizationcooling,andthewedgeabsorbergontribtute
to theemittanceexchangdrom thelongitudinalphasespaceto thetrans\ersephasespace.

The secondmuon cooling ring hasa 1.25m long Lithium lenswith the 3 at1 cmin a
straightsectionof aracetrackring. Trackingsimulationstudyis in progresso demonstrate
the 6 dimensionaphasespacecoolingof muonbeam.

1. Introduction

In orderto reducethe 6 dimensionaphasespaceof muonswithin theirlifetime, theionization
cooling is consideredto be one of the most promising method, where both trans\erse
and longitudinal momentaare reduceddue to the enegy loss in absorbersand the only
longitudinalcomponent®f themuonmomentaarerestoredhroughtheacceleratindields of
RF cavities. The multiple Coulombscatteringcontributesto heatthetrans\ersephasespace.
And thenormalizedrans\erseequilibriumdepend®n materialkindsandthetrans\ersebeta
function wherean absorbeiis located. Becauseof the difficulty of extractionandinjection,
muoncoolingringshaveto bedesignedvithoutusingsolenoidasfocusingelementsinitially,
we designedmuon cooling rings with quadrupolemagnets,RF cavities, wedgeabsorbers
of lig. H,. [1] In orderto increasethe acceptancendto reducethe circumferencewe
thendesignednuoncoolingringswith zero-gradiendipole magnetsvith edgefocusing,RF
cavities, andliq. H, wedgeabsorbers.Work is still in progressin improving the cooling
performancen muoncoolingrings.

Lithium lensis an active focusingelementwith enegy absorberfunction at the same
time. With g at 1 cm with high currentdensityLithium lensesthe normalizedtrans\erse
emittancecanbeat 100-200mm - mrad,which s low enoughfor a .t 1.~ collider.

By usingthe muoncoolingrings andrepeaithe phasespacecooling multiple times,the
costof the muoncooling channelcan be reducedfor the Neutrino Factory designs,and by
usingLithium Lenswith smallbetain a storagering, the 6 dimensionaphasespacecooling
canbeachievedfor themuoncollider designs.

2. Phase space cooling in a muon cooling ring

Figurel shavs aschematidiagramof a v Factoryanda ™ p~ collider. Two stagesf muon
phasespacecoolingringsareusedin thefigure.

In the longitudinal phasespace,a wedgeabsorberin a dispersve region can reduce
the enepgy spreadof muons,wherethe stragglingof the dE/dx and the slope of the dE/dx
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as a function of the muon momentacontritutesto heatthe longitudinal phasespaceby
widening the enegy spread. The wedgeabsorbergerform the emittanceexchangefrom
the longitudinalphasespaceto the trans\erse(horizontalphasespace dueto the changeof
the muontrajectoriesin a storagering whenrelatve muonmomentawere changedhrough
absorberdgn dispersve regions. Table 1 lists a comparisonof an electrondampingring
anda muon cooling ring on elementsof damping,excitation, and the partition numbersin
the trans\ersephasespaceand in the longitudinal phasespace. Partition numbersin the
Robinsonstheoremarealsolisted. Themuoncoolingring with wedgeabsorberss similarto
thewell known electrondampingringsin thedampingandexcitationterms.

Figure 1 showvs a schematiadiagramof a v Factoryanda p* .~ collider. Two stagef
muonphasespacecoolingringsareusedin thefigure.

Figure 1. A schematiaiagramof a» Factoryanda ™ p~ collider
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We designedan eight cell ring, with eight 45 degree bending cells, with a storage
ring designcode,SYNCH [3] by usingtwo setsof zero-gradientipole magnetswith edge
focusing. Figure 2 shavs a schematiadiagramof the eight cell muon cooling ring, and a
blow-up of a half of a 45 degreebendinglattice. A circumferencas 28.8 m anda radiusis
4.6 m. 2.5cmlong lig. H, wedgeabsorbetand7 cm long Lithium lenswith field gradient
of 3.3 Tesla/m,a setof two 0 gradientdipole magnetswith bendinganglesof 44 degreeand
-22 deggreewith edgefocusing,anda half of a 201 MHz RF cavity is shovn in a half of a
45 degreecell. Thecell lengthis 3.6 m. Figure3 shows 3., 3, andn in a45 degreebending
cell in the SYNCH modeling. The maximump, is 1.8 m, andthe maximumg,, is 2.7 m at
the outsidedipoles. At the centerof the 45 degreecell wherethe liq. H, wedgeabsorbers
andLithium lensesareplaced the minimum j3,, 5, are30 cm each,andthe maximums, the
dispersionjs 38cm.

SYNCH is a linear matrix programto designa storagering. It doesnot have ary of
the following, acceleratiorthroughRF cavities, dE/dx enepgy loss and straggling,multiple
Coulombscatteringn theabsorbersr in the Lithium lensesandthe effect of nonlinearfield
on particle tracking. We usethe fitted valuesof the ring parameterof SYNCH as input
parametersf the ICOOL [4], atrackingcodewith nonlinearfield configurations.

Table 2 lists parameter®f the eight cell muoncoolingring. Figure4 shows evolution
of the normalizedtrans\erseemittancess,,,, ¢,,, andthe normalizedongitudinalemittance,
€,. anda merit factorasa function of the pathlengthalongthe centraltrajectory Here,x
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Figure 2. A topview of amuoncoolingring andaschematialiagramof a half of a45degree
bendingcell
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Figure3. (.., andn asafunctionof zin a45 degreebendingcell

5 — .- !

Path Length (m)

is the horizontalcoordinateandits positive directiongoesoutsideof the muoncoolingring,

y is the vertical coordinate andthe z goesalongthe centraltrajectorywith beam. With the
minimum 3 at 30 cm at the wedgeabsorbersandthe Lithium lensesexpectednormalized
vertical equilibrium emittancee,,, ,,; is 1.9 mmrad, and we obtained2.3 mmrad in the
ICOOL simulationwhich s closeenoughto the expectednumber

A meritfactoris definedasa ratio of theinitial normalizedé dimensionakemittanceto

thefinal normalized6 dimensionakemittance multiplied by the muontransmissionyithout
including the muon decayfactor With the averagemuon momentumat 500 MeV/c, the
averagesurvival factorof muonsdueto decayatz at 1200m is 69 %. Themeritfactorin this
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Figure4. x,y, znormalizedemittancesanda merit factorasa function of z in the ICOOL
trackingsimulationon the 8 cell muoncoolingring
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simulationshavs a meritfactorof around10 at z at 1200m, which correspondso 42 turns.

3. A muon cooling ring with a Lithium lenswith the 3 at 1 cm

We designeda race track ring model wherea 1.08 m Lithium lens with the g at 1 cm,
sandwichedby two 9 cm long matchingLithium lenswith the 5 at 5 cm, is installedin
a straightsection. Table 2 lists parameter®f the racetrack muon cooling ring. Figure5
shawvs the schematidiagramof theracetrackring. The circumferences 64.8m, the straight
sectionsare 18.0 m each. Figure 6 shaws 3,, 3, insidetwo matchingLithium lensesanda
centralLithium lens.Matchingof the 5 functionthrougha matchingLithium lensis doneby:

6match =V an : ﬂoutu )\osci/Q = 7T/2 ' 6match

where Boaten, Bins Bout, @Nd A,se; a@re an equilibrium beta function of the matching
Lithium lens, betafunctionsoutsidethe matchingLithium lens,andthe wave lengthof the
betaoscillationin the matchinglens.
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The setof Lithium lensesare connectedo specialmatchinglattice which is shavn in
Figure7. Maximum 3, and 3, are10.0m and12.9m respectiely in a quadrupolemagnet
closeto the Lithium lensset. Figure8 shows 3,andg, in four 4.50m long straightcells on
theothersideof thestraightsection.No Lithium lensis installedhere.Figure9 shaws 3,, 3,,
andn in thewholeracetrackmuoncoolingring.

Figure5. A schematiaiagramof aracetrackmuoncoolingring with a Lithium lenswith the
pfatlcm
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Figure6. (., [, asafunctionof z in two matchingLithium lensesandin a centralLithium
lenswheretheminimumgis 1 cm.
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Figure?. (., [, asafunctionof z in astraightsectionwith aLithium lensatthe 5 at1 cm
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Figure8. (., [, asafunctionof z in astraightsectionwithouta Lithium lens
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4. Conclusion

We designedan eight cell muon cooling ring by using SYNCH, a storagedesigningcode,
with zero-gradientipole magnetswith edgefocusing. We demonstratethe 6 dimensional
muonphasespacecoolingin theeightcell ring with atrackingsimulationcode |COOL, with
lig. H, wedgeabsorbersLithium lenseswith 5 at 30 cm, RF cavities to compensat¢he z
componenbf themuonmomentum.

We designedaracetrackmuoncoolingring with 1 m long Lithium lenswith g at1 cm,
with the SYNCH code.Studyis in progresdo obtainthe 6 dimensionamuoncoolingin this
coolingring.
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Figure9. g,, 3, andn asafunctionof zin aracetrackring
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Table 1. Comparisorof anelectrondampingring andthe Muon Coolingring

e Damping Ring
phasespace| x y z
Damping | X’ synch.rad.| y’ synch.rad. synch.rad.
+RF +RF AE x E*
Excitation | x-X’ quantumfluct.
orbit change x B35
Partition# | (1 — D) 1 2+D
1 Cooling Ring with Wedge Absobers
phasespace| x y 2
Damping | X y' AE xE
lon.Cooling | lon.Cooling | in Wedge
Excitation | x-X’ ‘é—f struggling
orbit change
mult.scat. mult.scat. | oc £?
Partition# | 2-d 2 d
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Table 2. Parameter®f an8 cell muoncoolingring andaracetracknuoncoolingring

8 CellRing Racetracking
muonmomentum 500 500 MeV/c
Circumference 28.8 64.8 m
straightsectionlength 36.0 m
Structureof half cell 2 dipoleswith edges 2 dipoleswith edges
Numberof bendingcells 8 8
Numberof straightcells 0 8
bendcell length 3.6 3.6 m
straightcell length 4.5 m
max.  bendingcell 1.8/2.7 1.8/2.7 m
min. 3 bendingcell 0.30 0.30 m
max.n bendingcell 0.38 0.38 m
max.  straightcell 10.0/12.96.5/6.3 m
min. 3 straightcell 0.30 m
max. Quadgrad 22.7 Tesla/m
lengthof Lithium lens 59 125 cm/turn
equilib. 8 in Lithium lens 0.30 0.01/0.05 m
dB,/dr of Lithium lens 0.034 167/5.5 Tesla/cm
lengthof lig. H, wedgeabsorber 0.40 0.40 m/turn
enepy loss 57 115 MeV/turn
dipolelength 0.2 0.2 m
dipolebendangles 44.2,-21.7 44.2,-21.7 degree
dipoleedgeangles 30/-3,-11/-11 30/-3,-11/-11 degree
dipolemagnetidield 6.5,-3.2 6.5,-3.2 tesla
RF cavity length 1.0 1.0 m
numberof RF cavities 8 15
RF frequeng 201 201 MHz
total drift space 21.4 44.8 m/turn
Cell tunesbendcell 0.72/0.70 0.72/0.70
Cell tunesstraightcell 0.39/0.470.77/1.22
Ringtunes 3.09/3.75 2.87/2.80
chromaticitiesbendcell -0.86/-0.69 -0.86/-0.69
chromaticitiesstraightcell -2.75/-2.49:9.29/0
momentuncompaction -0.062 -0.062
transitiongamma 4.02 4.02
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